Interspecies fertilization is rare, partly due to species separation enforced at the molecular level. In this issue, Raj et al. now reveal the crystal structures of mollusk egg coat protein, VERL, complexed with cognate sperm protein lysin. Given that VERL is structurally similar to mammalian ZP2, the mechanism elucidating species-specific gamete recognition likely exists in mammals.
To sexually reproduce, life must solve one of many fundamental problems: the egg must allow a foreign cell, a sperm, to penetrate its thick egg coat. The freespawning marine mollusks, abalones, overlap breeding seasons and habitats yet fertilize species specifically. How is this species-specific gamete recognition achieved?
An abalone egg is coated with a heavily glycosylated, outer protective layer called the vitelline envelope (VE), which is analogous to the zona pellucida (ZP) in mammals. Sperm must penetrate these egg coats-the main block against cross-species fertilization-to reach the egg plasma membrane. The initial sperm-egg recognition was conceptualized as lock-and-key, species-specific binding between sperm proteins and receptors on the egg (Lillie, 1914) . The VE receptor for lysin (VERL) and ZP2 are the egg coat proteins that recognize sperm proteins in abalone and mammals, respectively. Abalone sperm lysin, which is named after its VE dissolving activity, was identified as a 16-kDa protein released from the acrosome (Lewis et al., 1982) , an organelle at the tip of the sperm head. Lysin creates a hole in the egg VE in a non-enzymatic, speciesselective manner (Vacquier et al., 1990) . VERL was identified as the VE receptor for lysin, with the surprisingly large molecular weight of 2 MDa (Swanson and Vacquier, 1997) .
Although lysin's crystal structure has been determined (Shaw et al., 1993) , the structural details of VERL and its interaction with lysin have been unknown. The highly glycosylated VERL has been resistant to crystallographic determination, limiting our understanding of the mechanism by which VERL and lysin interact to disrupt the egg VE. In this issue of Cell, Raj et al. (2017) present the first atomic-resolution structures of domain repeats of VERL, separately and in complex with lysin. The study describes the molecular and structural basis of species-specific sperm-egg coat recognition. Interestingly, VERL repeats are structurally similar to a functional domain of mammalian ZP2, despite their sequence divergence and evolutionary distance.
VERL is a rod-like tandem array of 22 VERL repeats (VR1-VR22), with a polymerization module that is conserved in all egg coat proteins, the C-terminal ZP domain (Galindo et al., 2002) . VR1 and VR2 are highly variable in sequences, whereas VR3-VR22 have almost identical sequences. The investigators cleverly noticed that the N terminus of VERL is under high evolutionary pressure, similar to mammalian ZP2, the molecular component responsible for sperm recognition in the mammalian egg coat (Avella et al., 2014) . The N-terminal region of ZP2 is organized into three ZP-N domain repeats. The authors examined whether VRs fold like ZP-N by crystallographic determination. Intriguingly, and despite a mere 10% of their overall sequence identity, they found that the common immunoglobulin-like fold in the crystal structures of all VR1-VR3 repeats is similar to the structure of ZP-N domain of ZP2. This finding links the invertebrate and vertebrate proteins through functional evolution. Despite the homologous structures with comparable surface distributions, only VR2 and VR3, but not the most divergent VR1, bind 1:1 to lysin ( Figure 1A ). This leaves VR1 an open gate to subsequent domains of VERL. VR2 and VR3 do not undergo conformational changes upon lysin binding, supporting the lockand-key gamete recognition idea. The authors demonstrate that VR2-presumably the most ordered layer of VERL arrays due to the intermolecular disulfide bonds that do not exist in other VERL repeats ( Figure 1B )-confers speciesspecific lysin recognition.
The lysin structures from previous and current studies show that the protein is an amphipathic molecule of five a-helical bundles. These contain the species-specific N-terminal variable region and conserved surfaces-basic residues on one side and patches of hydrophobic residues exposed on the other (Shaw et al., 1993; Raj et al., 2017) . The basic residues of lysin had been proposed to interact with VERL, since the VERL protein is rich in acidic amino acids (Shaw et al., 1993; Swanson and Vacquier, 1997) . Contrary to this hypothesis, the crystal structures reveal that VR2-lysin and VR3-lysin complexes have contiguous and largely hydrophobic binding interfaces with conserved key residues. The VR2-lysin interface, however, involves fewer residues than those of the VR3-lysin interface. Moreover, VR2 has two orders of magnitude lower affinity than VR3 affinity to lysin. In abalone, sperm lysin proteins have undergone rapid evolution, resulting in high sequence divergence. The authors suggest that this suboptimal interface of VR2 confers the species-specific VERL-lysin interaction by accomodating or even amplifying Raj et al. propose that species-specific recognition of lysin homodimers by VR2s exposes VERL arrays, which allows lysin to bind to VRs. This binding pushes apart the VERL arrays and dissolves the complex. In contrast, lysin black fails to bind to VR2 and to gain access to sequential VRs.
the effect of amino acid substitution in lysin. Interestingly, the hypervariable and species-specific N-terminal region of lysin makes no direct contact with either VR2 or VR3. Deletion of the N-terminal region of lysin has no effect on VR binding but swapping of N-terminal lysin with that of another species prevents its binding to VR2.
It is yet to be determined how this structurally disordered region still contributes significantly to the species-specific VR2-lysin interaction. Have the N-terminal lysin and the hydrophobic residues in the interface of VR2-lysin evolved in a concerted manner? Detailed mechanistic insight into species-specific recognition awaits further study. After VR2 binding to lysin, the following repeated array architecture of VR3-VR22 binds to lysin with high affinity, which quickly exposes molecular charges of bound lysin and allows VE dissolution (Figure 1B) , presumably assisted by mechanical dissociation accelerated by sperm motility.
One of the remaining questions in the field is whether an analogous mechanism occurs in mammalian species. It is intriguing to note that acidic Tyrode's solution opens up the mammalian egg ZP in vitro. Normally, sperm hyperactivated motility is required for successful penetration of the ZP. These findings suggest that a similar non-enzymatic, mechanical dissociation might also mediate the initial gamete recognition and sperm penetration in mammals. After ZP penetration, Juno and Izumo1, surface proteins on the egg and sperm membrane, interact to allow the membranes to fuse and two cells to finally merge (Bianchi et al., 2014) . While the molecular counterpart of lysin in mammalian sperm remains unknown, it is tempting to speculate that an unidentified ligand, potentially a structural homolog of lysin, might bind to the corresponding interface of mammalian ZP2. In summary, the atomic level resolution of the VERL repeat and lysin complexes has revealed that a structurally homologous, evolutionarily conserved fold confers species-specific gamete recognition and provides a molecular basis for the mechanism of VE dissolution.
